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MaBACKGROUND Coronary computed tomography angiography (CTA) is increasingly being used for evaluation of coro-
nary artery disease (CAD). As a result of the widely reported potential of carcinogenic risk from x-ray based examinations,
many strategies have been developed for dose reduction with CTA.
OBJECTIVES The purpose of this study was to assess the diagnostic accuracy of CTA acquired with a submillisievert
fraction of effective radiation dose reconstructed with a model-based iterative reconstruction (MBIR) using invasive
coronary angiography (ICA) as a standard of reference.
METHODS In 36 patients (body mass index range 17 to 39 kg/m2) undergoing ICA for CAD evaluation, a CTA was
acquired using very low tube voltage (80 to 100 kV) and current (150 to 210 mA) and was reconstructed with MBIR.
CAD (deﬁned as $50% luminal narrowing) was assessed on CTA and on ICA.
RESULTS CTA resulted in an estimated radiation dose exposure of 0.29  0.12 mSv (range 0.16 to 0.53 mSv), yielding
96.9% (436 of 450) interpretable segments. On an intention-to-diagnose basis, no segment was excluded, and vessels
with at least 1 nonevaluable segment and no further ﬁnding were classiﬁed as false positive. This resulted in a sensitivity,
speciﬁcity, positive, and negative predictive value and accuracy of 100%, 74%, 77%, 100%, and 86% per patient and
85%, 86%, 56%, 96%, and 85% per vessel, respectively.
CONCLUSIONS The use of MBIR reconstruction allows accurate noninvasive diagnosis of CAD with CTA at a submilli-
sievert fraction of effective radiation dose comparable with a chest x-ray in 2 views. (J Am Coll Cardiol 2014;64:772–80)
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AB BR E V I A T I O N S
AND ACRONYM S
CTA = computed tomography
angiography
DLP = dose-length product
ECG = electrocardiogram
ICA = invasive coronary
angiography
IQR = interquartile range
MBIR = model-based iterative
reconstruction algorithm
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773was paralleled by an increase in noise. To overcome
these limitations and allow further dose reduction,
several vendors have developed new raw data–based
iterative reconstruction algorithms for image noise
reduction (10–13). Among these is a model-based itera-
tive reconstruction algorithm (MBIR, GE Healthcare,
Waukesha,Wisconsin) thatmay be helpful for substan-
tial further dose reduction in CTA, as it has shown
promising results for noise reduction in very-
low-dose chest and cardiac computed tomography
scanning (14,15).TABLE 1 Patient Baseline Characteristics
n 36
Age, yrs 61.9  8.4 (44–76)
Male/female 30/6
BMI, kg/m2 27.6  4.7 (16.8–39.5)
Heart rate, beats/min 57.6  6.2 (42–73)
Clinical symptoms
Dyspnea 15 (42)
Typical AP 11 (30)
Atypical AP 8 (22)
Atypical chest pain 5 (14)
None 6 (17)
Cardiovascular risk factors
Smoking 22 (61)
Diabetes 6 (17)
Arterial hypertension 16 (44)
Dyslipidemia 14 (39)
Positive family history of CAD 14 (39)
Values are n, mean  SD (range), or n (%).
AP ¼ angina pectoris; BMI ¼ body mass index; CAD ¼ coronary artery disease.
SEE PAGE 781 NPV = negative predictive
value
PPV = positive predictive value
QCA = quantitative coronary
graphyThe purpose of this study was to evaluate the
diagnostic accuracy of ultra-low-dose CTA using a
submillisievert fraction of effective radiation dose
and reconstructed with the novel MBIR algorithm as
compared with ICA in the detection of CAD.
METHODS
STUDY POPULATION. We prospectively enrolled 37
consecutive patients for an ultra-low-dose contrast-
enhanced CTA before undergoing ICA who had none
of the following exclusion criteria present: hyper-
sensitivity to iodinated contrast agent, renal insufﬁ-
ciency (glomerular ﬁltration rate <30 ml/min),
nonsinus rhythm, or hemodynamic instability. One
patient was excluded because of nonsinus rhythm
that occurred during scanning.
Patients were referred for ICA based on at least 1 of
the following indications: pathological exercise test
or ECG (n ¼ 17), pathological noninvasive imaging
(either CTA [n ¼ 5], single-photon emission computed
tomography [n ¼ 3], calcium score [n ¼ 1], or stress
echo [n ¼ 8]), clinical suspicion for relevant CAD
because of dyspnea (n ¼ 15), typical angina pectoris
(n ¼ 11), atypical angina pectoris (n ¼ 8), or atypical
chest pain (n ¼ 5). They presented with the following
cardiovascular risk factors: 22 were smokers (61%),
6 had diabetes (17%), 16 had arterial hypertension
(44%), 14 had dyslipidemia (39%), and 14 had a
positive family history of CAD (39%) (Table 1).
The local ethics committee approved the study
protocol and all patients provided written informed
consent.
COMPUTED TOMOGRAPHY ANGIOGRAPHY. To obtain
optimal image quality for CTA prior to the examina-
tion, all patients received 2.5 mg of isosorbiddinitrate
sublingually, and up to 25 mg of metoprolol was
administered intravenously for patients with heart
rates >65 beats/min. Iodixanol (Visipaque 320,
320 mg/ml, GE Healthcare) was injected into an
antecubital vein followed by 50-ml saline solution viaan 18-gauge catheter. Volume and ﬂow rate
were adapted to body surface area (BSA) as
modiﬁed from Pazhenkottil et al. (16)
(BSA <1.70 m2: 50 ml via 4 ml/s; BSA 1.70 to
1.79 m2: 55 ml via 4 ml/s; BSA 1.80 to 1.94 m2:
60 ml via 4 ml/s; BSA 1.95 to 2.04 m2: 80 ml
via 4.5 ml/s; BSA 2.05 to 2.14 m2: 80 ml via
5 ml/s; BSA 2.15 to 2.24 m2: 85 ml via 5 ml/s;
BSA 2.25 to 2.49 m2: 95 ml via 5 ml/s; and BSA
>2.50 m2: 105 ml via 5 ml/s).
All CTA examinations were performed on a
64-slice computed tomography scanner (Dis-
covery HD 750, GE Healthcare) using pro-
spective ECG triggering during inspiration
breath hold, as previously reported (17–19).
The scanning parameters were as follows:
slice acquisition 64  0.625 mm, z-coverage 40 mm
with an increment of 35 mm, smallest x-ray window
(75% of the RR cycle), gantry rotation time 350 ms,
and body mass index (BMI)–adapted tube voltage and
tube current (Table 2).
CTA was reconstructed using MBIR algorithms, an
iterative reconstruction algorithm that uses multiple
statistical models incorporating optical system ge-
ometry and system statistics (e.g., image noise) (17).
All datasets were transferred outside of our depart-
ment to an external workstation and reconstructed by
the vendor (GE Healthcare) on the current MBIR
product hardware using a prototype implementation
of the MBIR cardiac software. The corresponding
software is not commercially available yet, and exe-
cutes at about 20 min/scan.
angio
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16 segments, as previously reported (5,6,8), and all
segments with a diameter of at least 1.5 mm at their
origin as assessed by ICA (quantitative coronary
angiography [QCA]) were included. Two independent
readers assessed the luminal narrowing severity as a
percentage of the vessel diameter by visual estima-
tions for all available segments on a dedicated
workstation (Advantage Workstation, GE Healthcare).
CAD was deﬁned as a luminal narrowing $50%. In
case of multiple lesions in the same segment, the
segment was rated by the worst lesion. Non-
interpretable segments were counted as obstructive,
as is done in daily clinical routine when non-
assessable segments need further evaluation by other
imaging modalities or ICA to avoid missing CAD.
Interobserver differences for noninterpretable seg-
ments were solved by consensus.
INVASIVE CORONARY ANGIOGRAPHY. An indepen-
dent clinician performed ICA according to standard
procedures. The angiograms were evaluated by
another experienced reader who was blinded to the
CTA images and patient characteristics as previously
reported (6). The coronary arteries were subdivided
according to the same model used for the CTA im-
ages (20). Any segment considered visually to have
>15% stenosis (21) and a diameter $1.5 mm was
evaluated by QCA (Xcelera 3.2.1, Philips Healthcare,
Best, the Netherlands), as previously reported (22).
CAD was deﬁned as a luminal narrowing of $50%.
Measurements were performed in at least 2 different
views and then averaged. Coronary segments distal
to a complete occlusion were excluded from the
analysis.
EFFECTIVE RADIATION DOSE ESTIMATION. The
effective radiation dose from CTA was calculated as:
dose-length product (DLP)  k, where k is a conver-
sion coefﬁcient for chest (k ¼ 0.014 mSv/[mGy$cm]),
as previously described (4,8). Similarly, effective ra-
diation dose from ICA was calculated as: dose-area
product  k, where k is a conversion factor for chestTABLE 2 BMI-Adapted Tube Current and Voltage
BMI, kg/m2 Patients, n
Ultra-Low-Dose CTA
Tube Current, mA Tube Voltage, kV
<22.5 2 150 80
22.5–24.9 6 165 80
25.0–27.4 7 180 80
27.5–29.9 10 195 80
$30.0 9 210 100
BMI ¼ body mass index; CTA ¼ coronary computed tomography angiography.(k ¼ 0.22 mSv/mGy$cm), based on the U.K. National
Radiological Protection Board tables (23).
STATISTICAL ANALYSIS. SPSS version 20.0 (SPSS
Inc., Chicago, Illinois) was used for all statistical
analysis. Quantitative data were expressed as mean 
SD or median and interquartile range (IQR), as
appropriate. Categorical data are given as absolute
numbers or percentages. The Kolmogorov-Smirnov
test was applied to evaluate the distribution of data.
Comparison of continuous variables with non-normal
distributions between groups was performed with the
Mann-Whitney U test. A p value <0.05 was consid-
ered statistically signiﬁcant.
Sensitivity, speciﬁcity, positive predictive value
(PPV), NPV, and accuracy were calculated on a per-
vessel and per-patient basis, whereby ICA served
as the standard of reference. The 95% conﬁdence
intervals (CIs) were calculated from binomial ex-
pression per vessel and per patient, taking into ac-
count continuity correction for small samples. A
positive ﬁnding was deﬁned as the presence of a
signiﬁcant stenosis in $1 segment. We took into
account the repeated structure of the measures and
the hierarchical data structure (i.e., the fact that
the segments and vessels were clusters of observa-
tions in the patients). To reach this aim, a logistic
regression and chi-square analysis with layer vari-
ables using the Fisher exact test was performed (24).
Assuming a CAD prevalence of 50% and a sensitivity
of CTA at 95% (1), and accepting a CI of  5%, the
sample size of n ¼ 36 was calculated as previously
reported (25,26).
RESULTS
Ultra-low dose CTA and ICA were successfully per-
formed in 36 patients (6 women, 30 men; mean age
61.9  8.4 years; age range 44 to 76 years), of whom
30 patients underwent ICA the same day as CTA and
6 patients underwent ICA within a mean of 32.7 
12.8 days. No patients were excluded because of
poor CTA image quality. One patient had known
CAD, and no patients had a history of coronary
revascularization.
The study population included a large range of
body weight (62 to 144 kg, IQR: 75 to 88 kg) and BMI
(16.8 to 39.5 kg/m2, IQR: 25 to 30 kg/m2). Prior to CTA,
intravenous metoprolol for heart rate control was
administered in 33 patients (mean 12.7  8.2 mg,
range 2 to 25 mg), after which the mean heart rate
was 57.6  6.2 beats/min (range 42 to 73 beats/min)
during CTA.
The mean DLP from CTA was 20.4  8.9 mGy$cm
(range 11.2 to 37.8 mGy$cm), corresponding to a mean
TABLE 3 Computed Tomography Acquisition Parameters
Drug administration of
Beta-blocker 33 (92)
Nitroglycerin 36 (100)
Heart rate, beats/min 57.6  6.2
Effective radiation dose, mSv
CTA 0.29  0.12
ICA (diagnostic) 13.7  9.7
Contrast media bolus, ml
CTA 73.3  13.8
ICA (diagnostic) 116.8  57.3
Values are n (%) or mean  SD.
CTA ¼ coronary computed tomography angiography; ICA ¼ invasive coronary
angiography.
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775radiation dose of 0.29  0.12 mSv (range 0.16 to
0.53 mSv). The mean DLP from tracker scan was 1.31 
1.16 mGy$cm (range 0.85 to 2.32 mGy$cm), accounting
for additional 0.018  0.006 mSv (range 0.012 to
0.032 mSv). The mean dose-area product from ICA,
which was purely diagnostic (n ¼ 20), was 62.2  43.9
Gy$cm2 (range 6.4 to 141.0 Gy$cm2), resulting in an
estimated mean radiation dose of 13.7  9.7 mSv
(range 1.4 to 31.0 mSv) (p < 0.0001 vs. CTA).
The mean contrast media bolus was 73.3  13.8 ml
(range 55.0 to 105.0 ml) for CTA and 116.8  57.3 ml
(range 40.0 to 242.0 ml) for purely diagnostic ICA
(p < 0.0001) (Table 3).
Of the possible 576 segments in 36 patients with
16 coronary segments, both readers evaluated a total
of 144 vessels and 450 coronary artery segments,
whereas 126 segments were missing because of
anatomical variants (n ¼ 75) or had a diameter <1.5
mm (n ¼ 51) at their origin. The 75 segments were
missing for reasons not associated with theFIGURE 1 Left Anterior Descending Stenosis
Proximal left anterior descending stenosis in a 72-year-old patient, diagn
angiography (CTA) with volume-rendered (B) and curved multiplanar re
index was 34 kg/m2, and the radiation dose from CTA was 0.37 mSv.methodology, as these segments simply did not exist.
The remaining 51 segments were categorized as <1.5
mm in diameter and thus were not evaluable by the
gold standard of ICA with QCA. Thus, the missing
data do not seem to introduce a selection bias into the
ﬁnal analysis yielding 96.9% (436 of 450) interpret-
able segments.
In 17 (47%) patients and 26 coronary arteries, ICA
with QCA documented 33 stenoses. Single-vessel
disease was present in 7 patients, 2-vessel disease in
2 patients, and 3-vessel disease in 2 patients. Ultra-
low-dose CTA correctly detected CAD in all 17
patients and in 22 of 26 vessels. The latter had no
impact on the per-patient–based accuracy, as all 4
false negative per-vessel ﬁndings resulted from
underestimation of intermediate lesions in 4 dif-
ferent patients with extensive CAD, and signiﬁcant
lesions in other portions of the coronary tree were
correctly depicted by CTA. Figures 1 and 2 demon-
strate an example of CAD detection by CTA and ICA,
whereas Figure 3 illustrates an example of a false
negative ﬁnding by CTA. CAD was correctly ruled out
by CTA in 14 of 19 patients and in 101 of 118 vessels.
An example of normal coronary arteries is given in
Figure 4.
The ﬁndings resulted in a sensitivity, speciﬁcity,
and accuracy of 100% (95% CI: 77% to 100%), 74%
(95% CI: 49% to 91%), and 86% per patient and 85%
(95% CI: 65% to 96%), 86% (95% CI: 78% to 91%), and
85% per vessel, respectively (Table 4).
DISCUSSION
This study presents the accuracy of ultra-low-dose
CTA using a submillisievert fraction of effective
radiation dose. The present data demonstrate a
high diagnostic performance for the detection ofosed by invasive coronary angiography (ICA) (A), is correctly depicted by computed tomography
construction with (C) and without (D) model-based iterative reconstruction (MBIR). Body mass
FIGURE 3 False Ne
Illustration of a coro
estimated (false neg
concordantly detecte
(white arrowheads).
FIGURE 2 Right Coronary Stenosis
Proximal right coronary stenosis in a 74-year-old patient, diagnosed by ICA (A), is correctly depicted by CTA with volume-rendered (B) and curved multiplanar
reconstruction with (C) and without (D) MBIR reconstruction. Body mass index was 27 kg/m2, and radiation dose from CTA was 0.23 mSv. Abbreviations as in Figure 1.
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776CAD similar to other studies comparing CTA and
ICA (21,27,28), despite a substantial radiation dose
reduction. The excellent sensitivity and NPV per
patient in this preliminary study is particularly reas-
suring, as the use of CTA is mostly recommended in
patients with low CAD prevalence, where the accurate
rule out of CAD is important. The number of non-
interpretable segments was low despite heart rates up
to 73 beats/min and a BMI range including 39 kg/m2,
suggesting that there is a potential for general clinical
applicability of this protocol.
In view of the 6-fold increase in the radiation dose
from medical imaging delivered per patient over the
last 3 decades, the radiation exposure from CTA has
received growing attention due to its potential risk ofgative Findings
nary stenosis detected by ICA (A, white arrow) that was under-
ative) by CTA (B, white arrow). In the same vessel, both techniques
d a stenosis in the more proximal segments of the coronary artery
Abbreviations as in Figure 1.cancer induction (4,29). Despite all of the technical
reﬁnements, 1 main challenge of CTA technology is
still the reduction in radiation exposure to the
patient, and therefore, any effort to achieve a dose
reduction is welcome (29). Several remarkable tech-
nical advantages in the past have lowered the radia-
tion dose gradually below 10 mSv, and in selected
populations with low BMI and heart rate, values
ranging from 1 to 2 mSv have been reported (8,9).
Recently, the depiction of coronary arteries by CTA
with even lower radiation doses has been achieved
(12,30), but despite the selection of patients with low
heart rate and limited body mass, there was modest
image quality due to reduced signal-to-noise ratio.
The introduction of prospective triggering for radia-
tion dose reduction in the past few years has been
recognized as a milestone in the clinical use of CTA.
Although further narrowing of the beam window does
seem not realistic, the reduction in tube current and
voltage is under evaluation. The latter strategy,
however, is usually hampered by the substantial
increase in noise. The development of new iterative
reconstruction algorithms, such as MBIR, for noise
reduction could represent another milestone in CTA.
Despite lowering tube voltage and current, recon-
struction with MBIR yielded an image quality that
allowed for clinically acceptable diagnostic accuracy.
The mean effective radiation dose of 0.29 mSv in the
present study lies substantially below the generally
reported values of 3.5 mSv (range 3.0 to 4.1 mSv) for
prospectively-triggered and 12.3 mSv (range 9.8 to
15.4 mSv) for retrospectively-gated CTA (27). It rep-
resents about one-half of the lowest effective radia-
tion dose reported in a study with comparable
diagnostic performance using prospective triggering
and the latest iterative reconstruction algorithms
FIGURE 4 Normal Coronary Arteries
Illustration of normal coronary arteries in a 53-year-old patient (body mass index 17 kg/m2)
by CTA with 0.19 mSv. Images without MBIR: (A) left anterior descending, (B) left
circumﬂex, and (C) right coronary artery. Images with MBIR: (D) left anterior descending,
(E) left circumﬂex, and (F) right coronary artery. (G) Three-dimensional volume-rendered
computed tomography image. (H and I) ICA conﬁrming normal left and right coronary
vessels. Abbreviations as in Figure 1.
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777(30) and is substantially lower than the effective ra-
diation dose for standard coronary calcium score
scanning, generally ranging from 0.8 mSv (31) to
3 mSv (32). Therefore, coronary calcium score scan-
ning was not assessed in the present study aiming at
minimizing radiation exposure to the patients.
Thus, our results conﬁrm (Central Illustration) that
the combination of prospective block-wise acqui-
sition with reduced tube current and voltage in
combination with the latest iterative raw data
reconstruction algorithms provides robust CTA re-
sults despite submillisievert radiation dose. As such
advancements in radiation dose reduction in CTA
may lower the bar to justify its use in low-risk pop-
ulations, it seems reasonable to speculate that its
application for screening may not remain entirely
inconceivable in the near future. In this context, it
is important to note that the radiation exposure from
a CTA with the present method is comparable to the
range reported for a chest x-ray in 2 views (33–35).
STUDY LIMITATIONS. Several limitations of our pilot
study may merit consideration. First, the study pop-
ulation was relatively small, which did not allow
performing further subanalyses according to param-
eters such as sex, BMI, and heart rate. Large-scale
validation should preferably be achieved by multi-
center and multivendor studies to establish the
robustness of this CTA strategy. Second, with regard
to extrapolation of our results to a general popula-
tion, it should be noted that heart rates in our study
were low. In our institution, administration of beta-
blocking agents is used routinely. Although the
range of heart rate in the present study was 73 beats/
min, further technical improvements such as reduc-
tion in tube rotation time may be helpful to allow
scanning in a larger population despite higher heart
rates. Third, a CAD prevalence of 47% may appear
high in view of the recommendations for a preferen-
tial use of CTA in low CAD prevalence. However, we
have recruited patients who underwent ICA for clin-
ical indication, as performing ICA for purely scientiﬁc
reasons seems unacceptable for ethical reasons in
view of the non-negligible morbidity and mortality
associated with ICA (36). This, however, seems to
strengthen the validity of our results, as we found an
excellent NPV despite relatively high prevalence.
Conversely, the PPV may decline in a low-prevalence
population, particularly as noninterpretable seg-
ments are scored as positive. However, as the rate of
noninterpretable segments was low (3.1%), this may
have minimal impact on the PPV value. Similarly,
grading the noninterpretable segments as negative
instead of positive would have minimal impact on
sensitivity, speciﬁcity, and accuracy per patient(94%, 79%, and 86%, respectively) and per vessel
(73%, 91%, and 88%, respectively), which underlines
the validity of the data. As the exclusion of 9% of the
segments due to a diameter <1.5 mm at origin resul-
ted from the assessment by ICA with QCA—comparing
well to the 10% reported in the CORE64 (Diagnostic
Performance of Coronary Angiography by 64-Row CT)
trial (37)—it is unlikely that this has introduced a bias
favoring CTA. Furthermore, we did not compare our
acquisition method with CTA obtained with other
protocols. However, we felt that a comparison with
ICA and QCA would sufﬁce as a solid standard of
reference. Finally, our data do not address the po-
tential impact of the extent of coronary calciﬁcations
on the accuracy of the present method, as for reasons
of radiation protection, no coronary calcium score
scanning was performed. However, due to its excel-
lent NPV, CTA is generally used predominately in
low-risk populations in whom the prevalence of
massive calciﬁcations is low.
CENTRAL ILLUSTRATION Comparison of New CT Algorithm Technologies
This illustration seeks to compare outcomes including diagnostic accuracy, sensitivity, speciﬁcity, NPV and PPV with new algorithms for new
computed tomography algorithm technologies that seek to reduce radiation dose exposure. (See references 37–41, and the current study).
ACC ¼ accuracy; ASiR ¼ adaptive statistical iterative reconstruction; DLP ¼ dose-length product; FBP ¼ ﬁltered back-projection;
MBIR ¼ model-based iterative reconstruction; n ¼ number of patients; NPV ¼ negative predictive value; PPV ¼ positive predictive value;
SAFIRE ¼ sinogram-afﬁrmed iterative reconstruction; Sens ¼ sensitivity; Spec¼ speciﬁcity.
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778CONCLUSIONS
Despite several limitations, our results suggest that
MBIR reconstruction allows for accurate noninvasive
diagnosis of CAD with CTA at a submillisievert frac-
tion of effective radiation dose, which is comparable
to a chest x-ray examination in 2 views (33–35).
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COMPETENCY IN MEDICAL KNOWLEDGE:
Coronary CTA has become a widely-used noninvasive
alternative to ICA for the assessment of CAD, but both
modalities expose the patient to potentially harmful
ionizing radiation.
COMPETENCY IN PATIENT CARE: The use of
MBIR technology allows for accurate noninvasive CAD
assessment by CTA at a fraction of the effective
radiation dose, comparable to a chest x-ray in 2 views.
TRANSLATIONAL OUTLOOK: Larger trials are
needed to explore whether the ultra-low-dose
coronary CTA can be broadly implemented with
satisfactory image quality and diagnostic accuracy.
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